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The D satellite RNA (sat RNA) of cucumber mosaic virus (CMV) was previously shown to contain a region of hypervariability 
around nucteotide 230, in wild-type populations and in cDNA clones and progeny of one such clone (pDsat4) after passage 
with the subgroup I strain Fny-CMV. This hypervariable region (HVR) consists of a series of consecutive A and/or U residues. 
We found that variability is also generated in the HVR of transcript derived from pDsat4 after passage with the subgroup 
II strain LS-CMV and with tomato aspermy virus (TAV). However, the progeny differ with respect to the sequence of the 
HVR after passage with both LS-CMV and TAV. Another D-sat RNA cDNA clone that contains a C residue in the HVR, 
pDsatl, was previously shown not to develop variability in the HVR upon passage with Fny-CMV. However, when the C 
(position 231) was changed to an A residue, variability developed by the third passage with Fny-CMV. An additional cDNA 
clone derived from the Bl-sat RNA, pBsat5, also contains a C residue in the region analogous to the D-sat RNA HVR and 
did not develop variability upon passage with either Fny- or LS-CMV. Changing this C to a U residue did not result in the 
development of hypervariability in the progeny of transcript from this mutant. Models to explain the generation of hypervaria- 
bility are discussed. © 1995 Academic Press, Inc. 
0ucumber mosaic virus (CMV) is the type member of 
the cucumovirus genus of plant viruses [for review see 
(1)]. There are two subgroups of CMV, based on several 
criteria (1, 2), and there are two additional viruses, tomato 
aspermy virus (TAV) and peanut stunt virus in the cucu- 
movirus genus. Cucumoviruses may also harbor satellite 
RNAs (sat RNAs), small molecular parasites that are 
completely dependent on their helper virus for both repli- 
cation and encapsidation (3). Most CMV sat RNAs can 
also be supported efficiently by TAV, but not by peanut 
stunt virus. A large number of different but closely related 
sat RNAs have been found associated with CMV, and the 
sequences of over 40 have been determined (3). Some 
regions of the sat RNA sequence are more highlyvariable 
than others, and a hypervariable region (HVR) was pre- 
viously identified in cDNA clones of the D-sat RNA (4, 5). 
In addition, a cDNA clone of the D-sat RNA, pDsat4, 
was used to generate infectious transcripts, and after 
passage with Fny-CMV (a subgroup I strain), progeny 
of the D4-sat RNA developed heterogeneity in the HVR, 
whereas progeny of the cDNA clone pDsatl did not (5). 
In this study, we extend the analysis of the HVR of CMV 
sat RNAs by analyzing the generation of heterogeneity 
in D4-sat RNA with LS-OMV (a subgroup II strain) and 
TAVas helper viruses. In addition, the HVR was analyzed 
in transcript progeny of two other cDNA clones of sat 
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RNA; pDsatl was also derived from D-sat RNA (6), and 
PBSat5 was derived from Bl-sat RNA (4). Both of these 
clones contain a C residue within the HVR, whereas the 
HVRs of pDsat4 and of D4-sat RNA progeny consist of 
only A's and U's. 
Virus strains Fny-CMV, LS-CMV, and 1-TAV were de- 
scribed previously (2). The cDNA clones pDsat4, pDsatl, 
and pBsat5 have also been described (4, 6). Transcripts 
from these cDNA clones were generated in vitro using 
T7 RNA polymerase (U.S. Biochemicals) from plasmids 
linearized with the restriction enzyme Smal (U.S. Bio- 
chemicals). Transcripts were initially inoculated onto Ni- 
cotiana tabacum cv Xanthi nc (tobacco) with viral RNA 
from the helper virus at 100 #g/ml. Twelve days postinoc- 
ulation, the plants were harvested and the virus was 
purified from infected tissue as previously described (7, 
8), except that the initial extraction buffer for TAV was 
0.1 M sodium phosphate, pH 7.0, and 0.5% thioglycollic 
acid. Viral RNA was extracted from virions as described 
(9). For subsequent passages tobacco plants were inocu- 
lated with purified virus diluted 1=10 with 50 mM sodium 
phosphate, pH 7. 
The viral RNA from each passage was analyzed by an 
RNase protection assay (RPA), to assess the appearance 
of changes in the HVR (data not shown), and the sat 
RNAs were recovered from viral RNA preparations by 
fractionation with 1 M LiCI. Direct, dideoxy chain-termina- 
tion nucleotide sequencing (10) of the HVR was carried 
out on the sat RNAs, using [G-s2p]dATP (New England 
Nuclear) and a primer complementary to nucleotides 270 
0042-6822/95 $6.00 
Copyright © 1995 by Academic Press, inc. 
All rights of reproduction i any form reserved. 
766 SHORT OOMMUNICATIONS 
C C 
C C 
C-G 
G-C 
A-U 
G-C 
U-A ucUCAUu_G 
C U 
_A-U  U ACAu t;U_ G 
A-U A A 
C G 
U-A C 
C-G 
A CU-AA 
UcG-CC c 
C -G 
C-G 
U-A  C 
G-C  
U-A  
A -U  
U-G 
C-G 
G-U 
A-U  
G-C 
C-G 
G-C  C G A U A C U A U 
B 
G G • - A A ~ U C G D4 Sat  t ranscr ip t1  
G G • - A U - U c G  e A A C G]Fny /D 4 P#8 
G G A - A A U U C G]LS /D4 P#7 
G G~ - AA-  U C 
G G • A A U U U C G TAV/D4 P#4 
C 
G G A - A A ~ U C G TL -sat  
G G A - A U U U C G I I7N-sat  
G G • - U U U U C G S -sat  
G G • - U U U U C U D-sat  
D 
G G A - C A • U C G D l - sat t ranscr ip t  
G G A - C A • U C G Fny /D1 P#10 
G G • - A A ~ U C G D l :A231-sat t ranscr ip t  
GG G A - C A ~ U c G  - C ~ Fny /D I :A231 P#4 
E 
G G A - A C U U C G B5-sat  t ranscr ip t  
G G /~ - A C U U C G Fny /B5  P#10 
G G A - A C U U C G LS /B5  P#10 
G G A - A U U U C G B5:U232 sat  t ranscr ip t  
G G A - A U U U C G Fny /B5:U232 P#6 
Fie. 1. The hypervariable region of D-sat RNAs (B, C, D) and B-sat RNAs (E). (A) Predicted secondary structure upstream of the HVR in the D4- 
sat RNA. A similar structure is also predicted in the Dl-sat RNA, but not in the B5~sat RNA. (B) The HVR sequence of the D4-sat RNA transcript 
and the resulting sequences in this region after the indicated number of passages. Sequences after passage with Fny-CMV are from Kurath and 
Palukaitis (5). (C) Sequence of the HVR region of several natural sat RNAs, from Richards et aL (•2). (D) The HVR sequence of the Dl-sat RNA 
transcript and the resulting sequence after 10 passages with Fny-CMV, as well as of the D1 =A231-sat RNA transcript and the resulting HVR sequence 
after four passages with Fny-CMV. (E) The HVR sequence of the BS-sat RNA transcript, and the resulting sequences after the indicated passages, 
and the HVR sequence of B5=U232-sat RNA transcript and the sequence after passage with Fny-CMV. 
to 288 [numbering system as in Garcia-Arenal et al. (11)] 
of the sat RNA sequence, The sequence of the D4-sat 
RNA progeny is shown in Fig. 1B, after seven passages 
with LS-CMV or four passages with TAV. The heterogene- 
ity generated by LS-CMV was  different from that seen 
with Fny-CMV in the previous study (5); with TAV as a 
helper virus the heterogeneity also involved the addit ion 
of an extra A at position 230 and changes of A to U 
residues at posit ions 232 and 233. Two separate pas- 
sage exper iments with TAV as a helper virus resulted in 
identical sequence changes. 
The HVR sequences of several other naturally oc- 
curring sat RNAs that are closely related to D-sat RNA, 
as wel l  as the wi ld-type D-sat RNA sequence, are shown 
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FIG, 2. Direct RNA sequencing gel of the four passages of D1:A231-sat RNA with Fny-CMV. Passage numbers are shown above the lane sets, 
and the sequence of the HVR and surrounding sequence in each lane set is indicated at the leE. The gel is oriented such that the sequence of 
the RNA, rather than that of the ddNTPs is read from left to right, as indicated above each lane. 
in Fig. 10 [sequences from Richards et al. (•2)]. In all 
cases, the HVR consists of either A residues, U residues, 
or a mixture .of consecutive A and/or U residues. How- 
ever, an additional cDNA clone of the D-sat RNA, pDsatl, 
contains a C residue at position 231 within the HVR (Fig. 
1D). In addition, there are 10 other sequence differences 
between pDsatl and pDsat4 (6). When transcript from 
pDsatl was passaged with Fny-CMV there was no 
change in the HVR, even after 10 passages [(5); Fig. 1D]. 
To test whether the C residue in the HVR prevented 
the generation of variability, we changed the C to an 
A residue by site-directed mutagenesis. Essentially, the 
mutations were introduced using a two-step thermo-cy- 
cling reaction, similar to that described by Higuchi et 
al. (13), except Pfu polymerase (Strategene) was used 
instead of Taq polymerase. Nucleotide 231 was changed 
from a C to an A in the pDsatl clone to create 
pDsat1:A231. The complete sat RNA portion of the re- 
sulting clones was sequenced to confirm the introduction 
of the mutation and the absence of any additional muta- 
tions, using an ABI automated sequencing system. 
After four passages with Fny-CMV as a helper virus, 
variability in the D1,A231-sat RNA HVR was assessed 
by direct sequence analysis as described above. The 
sequence of the HVR of these passages is shown in Fig. 
2. In the third and fourth passage, position 2 of the HVR 
(nucleotide 231) contains either a C residue or a deletion. 
The deletion gives rise to doublet bands for the sequence 
5' (in the RNA) of the HVR. It is unlikely that a significant 
proportion of the population of D1:A231-sat RNA progeny 
retains the original sequence, since the intensity of the 
top two A residues at the HVR and the triple G residues 
above the HVR in Fig. 2 are not consistent with the pres- 
ence of a third major class of molecules beyond those 
shown in Fig. 1D. However, it is possible that low levels 
of other sequence variants exist in the population. 
Although direct RNA sequencing of the Bl-sat RNA 
(11) indicated that this sat RNA contained a U residue 
at position 3 of the HVR, five independent cDNA clones 
of the Bl-sat RNA all contained a C residue at position 
3 [illustrating a common bias found in the sequence of 
cDNA clones, relative to their parental RNA sequences 
(4)]. Transcript derived from one of these cDNA clones, 
pBsatS, was maintained with either Fny- or LS-CMV for 
10 passages or TAV for 4 passages. No variability was 
seen when these sat RNAs were analyzed by RPA (data 
not shown), and the HVR was further analyzed by se- 
quence analysis after the tenth passage with Fny- and 
LS-CMV (Fig. 1E). No heterogeneity was detected with 
either helper virus. To test the hypothesis that a C residue 
in the HVR also inhibited the generation of variability in 
B5-sat RNA, we changed position 232 in pBsat5 from a 
C to a U, to create pBsat5:U232, and analyzed the prog- 
eny of transcript from this clone. After six passages with 
Fny-CMV, no variability was found in BS,U232-sat RNA 
(Fig. 1E). Hence, either the sequence AAUU is the pre- 
ferred selected variant for B5-sat RNA and thus no se- 
quence variation was observed upon passage of 
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B5:U232-sat RNA or the presence of the C residue within 
the HVR may not be the only inhibitor of variability. 
The overall sequence similarity between D4-sat RNA 
and B5-sat RNA is 88%, whereas Dl-sat RNA and D4-sat 
RNA diverge by only 3%. When the predicted secondary 
structures of the sat RNA were obtained by the RNA 
folding program STAR 3.0 (14), using nucleotides 1 
through 225 (just upstream of the HVR), both the D4-sat 
RNA and the Dl-sat RNA were predicted to have strong 
stem loop structures upstream of the HVR (Fig. 1A), 
whereas the B5-sat RNA was not predic{ed to form a 
strong stem loop in this region, but instead formed a 
more random structure of short stems. This implies a 
role for this structure in the generation of variability. A 
secondary structure model previously proposed for sev- 
eral CMV-sat RNAs (11, 15) also predicts a stem loop 
structure immediately adjacent to the HVR. However, this 
structure was predicted for both the D-sat RNAs and 
the B-sat RNAs (11). Furthermore, during replication this 
structure would most likely be unwound by the time the 
replicase reached the HVR, and alternate structures up- 
stream of the HVR would likely be formed. 
There are two obvious mechanisms for the generation 
of variability in the HVR. The strong structure upstream 
of the HVR and the A U rich region surrounding and 
within the HVR could result in slippage of the polymerase 
during synthesis of the (-)  strand of the satellite. The 
presence of a C residue in this region may inhibit slip- 
page. Alternatively, the HVR could be a site of RNA re- 
combination. Ir~ the DI/sat RNA chimeras of turnip crinkle 
virus, additional nontemplate nucleotides have been 
shown to be added at recombination sites, and strong 
stem loop structures have also been shown to be in- 
volved in recombination (16). However, these structures 
span the recombination site, and no analogous structure 
is predicted for D4-sat RNA or Dl-sat RNA. In addition, 
the recombination sites generally include a redundancy 
of a few bases, rather than deletions (17). It should be 
possible to determine if the CMV-sat RNAs undergo re- 
combination at or near the HVR by using mixed infections 
of lethal mutants in different portions of the sat RNA, 
whereas analyzing a mechanism of polymerase slippage 
may prove more difficult. 
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